© Versita Sp. z o.o. Research Article Specular reflection infrared microspectroscopy was used for chemical imaging of cross-sectioned urinary stones to determine their chemical composition and morphology simultaneously. Absorption spectral bands were recovered from reflection spectra by Kramers-Kronig transform. FUse of far-infrared radiation provides high-contrast images and allows more precise constituent distribution determinations than mid-infrared because band asymmetry after the transform caused by diffuse reflection is less in the far-infrared.
Introduction
Urolithiasis -a condition when stones form in urinary tract -is common worldwide; its prevalence varies from 5% to 20% [1] . Its causes remain unclear despite many studies [2, 3] . Subject to the condition causing Urolithiasis, the stones' composition and morphology (constituent distribution, size, shape, colour, and crystalline structure) vary [4] . The components most frequently found are calcium oxalate (monohydrate and dihydrate), apatite, struvite and other phosphates, uric acid [5] , and their mixtures [5] . Knowledge of the composition is crucial to determine the underlying pathology, prescribe treatment, and prevent recurrences [6, 7] . However, there is no single explanation of the pathogenesis of Urolithiasis. Three pathways for stone formation have been proposed: (I) on Randall's plaque, (II) from crystal deposits in renal tubules, and (III) from free solution crystallization [8] . These hypotheses could be tested by analyzing the morphology in addition to the composition of multi-component stones. For example, an apatite root surrounded by calcium oxalate could indicate the first (I) pathway [9] . In addition, morphology can indicate the disease course and allow linkage to the patient history [4, 10] . Some attempts to determine the morphology have been reported in [11] [12] [13] [14] [15] .
Many methods such as X-ray diffraction, polarization microscopy, scanning electron microscopy, infrared spectroscopy and others have been applied to urinary stone analysis [5] . Unfortunately, analysis beyond simple external inspection or optical microscopy is rarely applied in medical practice due to cost or inconvenience -several methods have to be used to obtain full information [5] .
In this work, the potential of multi-spectral IR (mid-infrared and far-infrared) chemical imaging for urinary stone analysis is demonstrated. Chemical imaging is used for heterogeneous samples analysis [16] Anderson et al. [21] . The spectra of the stones are recorded in the microscope reflection mode as they are too thick for transmission measurements and thin sections of the fragile stones cannot be prepared. Specular reflection IR spectra can be used to identify the composition [21] ; however, analysis to obtain quantitative (absolute concentrations) or semiquantitative (relative concentrations) information can be complex. Specular reflection spectra contain Reststrahlen bands which resemble the first derivative of the absorption bands and are shifted towards lower wavenumbers [22, 23] . These are caused by the contribution of anomalous dispersion in absorption regions to the band contours [22, 23] . The surface concentration of a compound is evaluated by calculating the characteristic bands' integrated intensities, but distortions due to the Reststrahlen bands can introduce serious errors, especially for overlapped bands. Even if the overlapped bands can be distinguished in the absorption spectrum, the first derivative effect can make the less intense band (e.g. shoulder) unobservable.
Normally, the absorption spectrum can be recreated from the specular reflection spectrum using the Kramers-Kronig transform (KKT) [22, 23] . However, the KKT has several restrictions: the sample must be homogeneous and effectively infinitely thick, and the signal must be a pure specular reflection [22, 23] . This means that the transform cannot be directly applied to thin, heterogeneous and/or rough (scattering) samples. Diffuse reflection emanating from backscattering, boundaries between constituents with different refractive indices and/or rough surfaces interferes with the specular reflection signal [22, 24, 25] making band shape analysis difficult because the contours of diffuse and specular reflections differ. Specular reflection is the most intense in regions of strong absorption [26] while diffuse reflection decreases as the wavelength approaches an absorption band [27] . Their combination complicates the analysis. Therefore, methods to suppress diffuse reflection should be sought. Heterogeneity is inevitable. Scattering caused by the roughness could be reduced by polishing but this is limited by the stones' brittleness causing fragmentation. In addition, the stones can be porous [28] . Consequently, in most cases standard KKT cannot correct their raw mid-infrared (MIR) reflection spectra [21] . A modified KKT in which diffuse reflection contour is first subtracted from the raw spectral band has been developed and applied [25] . However, to obtain chemical images a large set of spectra must be analysed. Performing complex mathematical operations is time consuming and the pre-processing introduces image artifacts.
Another way to diminish the effects of diffuse reflection is to increase the wavelength of the incident radiation, i.e., to make it exceed the dimensions of the surface irregularities [23, 24] . Performing experiments in far-infrared (FIR) spectral region the surface will be more mirror-like than in the MIR. FIR experiments have disadvantages, however, including low source intensity (especially below 100 cm -1 ), low detector sensitivity and strong atmospheric absorption [29] which prevent its routine use.
In this work, MIR and FIR chemical imaging are compared. We demonstrate that for rough samples such as cross-sectioned urinary stones FIR chemical imaging can be advantageous due to diminished diffuse reflection.
Experimental procedure
Urinary stones were obtained from Vilnius University Hospital Santariskes Clinics Urology Centre (authorisation from Vilnius Regional Biomedical Research Ethics Committee for Biomedical Research No. 158200-5-053-056LP1). They were removed intact by percutaneous nephrolithotomy and cross-sectioned. One half was used to perform the imaging. The other half was used to prepare KBr pellets for qualitative and quantitative analysis by IR absorption spectroscopy [30] . The components' relative concentrations were determined from the ratios of integrated intensities of characteristic bands in the spectra of the stone and pure constituents. This was then compared to the chemical imaging results of the same stone.
Multi-component stones were further analysed by IR microscopy. Half the cross-sectioned stone was fixed on a glass microscope slide with two-component epoxy and gently polished to a flat surface using sandpaper (P220, P240 or P400) and/or polishing glass (intended to polish optical windows for infrared spectroscopy). A confocal optical profilometer Sensofar PLu 2300 with a 100×/0.9 objective (Schaefer Technologie GmbH, Langen, Germany) was used to determine the roughness in several approximately 120×120 µm areas.
The cross-sectioned stones were analysed both by MIR and FIR reflection microscopy. MIR reflection spectra were obtained using a Hyperion 3000 infrared microscope connected to a Vertex 70 spectrometer (Bruker Optik GmbH, Ettlingen, Germany) and equipped with single element MCT detector. A 15x/0.4 objective was used and the knife edge aperture was fully open. Over 1500 spectra were collected mapping the crosssection using a motorized micrometer stage. The step size was 100 to 300 µm depending on the sample size. For the spectrum at each point 32 interferograms were averaged and Fourier transformed applying BlackmannHarris 3 apodization and zero filling factor of 2. The spectra were recorded over 500 -3500 cm -1 at 4 cm -1 resolution. MIR mapping took approximately 8 hours depending on the stone size, i.e., on the number of measured points. FIR microspectroscopy was carried out at the MAX-IV laboratory in Lund, Sweden. Similar to the MIR experiments, the stones' absorption spectra in polyethylene (PE) pellets were recorded. Sample preparation is described elsewhere [31] . Spectra were assigned by comparison with pure components' spectra obtained under the same conditions.
Sets of FIR reflection spectra for chemical imaging were obtained using a Hyperion 3000 FT-IR microscope (Bruker Optik GmbH, Ettlingen, Germany) connected to an IFS 66v FT-IR spectrometer equipped with globar light source, 6 µm Mylar multi-layer beamsplitter and a General Purpose 4.2K Si Bolometer System (Infrared Laboratories, Tucson, USA). The sample chamber was purged with nitrogen gas to avoid interference from atmospheric water absorption. Mapping parameters were the same as for MIR microscopy. Spectra were recorded over 700 -150 cm -1 at 8 cm -1 resolution. One hundred and twenty eight interferograms were averaged and Fourier transformed applying Blackman-Harris 3-Term apodization and zero filling factor of 4. FIR mapping took approximately 14 hours.
Chemical images represent the components' distribution over the stone's cross-section. At each point the intensity of a component's characteristic band is integrated and a colour is assigned. The procedure is repeated for each point and a map of integrated intensities corresponding to the concentration is constructed.
An image showing the correct constituent distribution is needed to evaluate the MIR and FIR image quality [32] ; thus, chemical images from Raman spectra were obtained. Raman spectra were recorded with a MultiRAM FT-Raman spectrometer (Bruker Optik GmbH, Ettlingen, Germany) equipped with a Nd:YAG laser source (1064 nm) and liquid nitrogen cooled Ge diode detector.
For each Raman spectrum 120 interferograms were averaged and Fourier transformed with BlackmanHarris 3-Term apodization and zero filling factor of 2. Spectral resolution was 4 cm -1 . Raman imaging required approximately 40 hours.
Data processing (KKT, intensity integration, and image construction) was performed using MATLAB 7.9 (MathWorks, Inc., USA).
Results and discussion
MIR and FIR imaging of a cross-sectioned urinary stone containing uric acid (49±5%) and calcium oxalate monohydrate (51±5%) is presented.
Non-normalized MIR and FIR absorption spectra are compared in Fig. 1 FIR spectroscopy is not limited to this particular example. Qualitative analysis of urinary stones containing apatite, amorphous calcium phosphate, brushite, struvite, other components, and their mixtures was also performed from the FIR spectra.
Before chemical imaging was performed the crosssectioned stone was examined with a confocal optical profilometer to determine the dimensions of surface irregularities. Several regions of interest were analysed. For one of them the 3-D topology and one-dimensional profile of its diagonal section is presented in Figs. 2C and 2D. The roughness varied 2 -20 µm.
The effect of surface roughness on reflection depends on the ratio between the size of the irregularities and the wavelength [24] . The surface is considered rough and the diffuse reflection strong if the wavelength is close to the size of the roughness, and vice versa -the surface is mirror like and the diffuse reflection weak if the wavelength is much larger than the roughness. For the example stone the MIR wavelength (2.5 -25 µm) has the same order of magnitude as the surface irregularities and the signal contains a considerable amount of diffuse reflection which should be subtracted prior to analysis [25] . On the other hand, the FIR radiation (25 -1000 µm) is larger than the roughness and the diffuse reflection contribution is significantly lower. For the imaging, sets of reflection spectra were acquired by mapping. Characteristic bands (in both MIR and FIR) were selected as follows: ν as (C-O) . KKT and baseline correction were applied to these bands. Appropriate KKT requires a 0 0 angle of incidence, mainly defined by the light collecting optics [23] . The objective used gives a solid angle of incidence of approximately 23 0 , far from 0 0 . However, for the main constituents of the stones the refractive index Re(n) varies between 1.2-1.6 and the extinction coefficient Im(n) between -0.01-0.3, and the reflectance for non-polarized radiation is nearly constant over the angle range 0 -30 0 [40] , justifying the use of the KKT. It is worth noting that KKT is very sensitive to the magnitude of the reflectance [23] . For example, if the reflectance is close to zero, due to the ln(R) in the KKT the integral becomes singular. Therefore, if necessary, a constant offset was added to all intensity values in the spectrum. Spectra collected beyond the stone's borders were not corrected.
Characteristic uric acid FIR and MIR spectral bands from the raw reflection, KKT transformed and absorption spectra are shown in Fig. 3 . The major quality difference between the KKT transformed reflection spectra can be observed: the MIR spectral band is asymmetric and differs from the absorption band (Fig. 3A bottom) . This is due to the diffuse reflection [22] . The blue shift of the KKT corrected band can be explained by the diffuse reflection as well. Normally, Reststrahlen bands are red shifted relative to absorption bands and the KKT restores the peak positions. However, in this case the diffuse reflection blue shifts the Reststrahlen band causing the KKT to overestimate the peak shift. Thus the calculated band appears blue shifted relative to the absorption. On the other hand, the band in the FIR is restored correctly by the KKT and reproduces the absorption in the reference spectrum.
The chemical images obtained from the raw MIR and FIR spectra are compared in Fig. 4 . The crosssection area was approximately 9.3×8.3 mm and the mapping interval was 300×300 µm. These images represent the distribution of uric acid (Figs. 4A, 4C ) and calcium oxalate (Figs. 4B, 4D) ). When raw reflection spectra are used the information is similar for MIR and FIR images: the component boundaries are not clear and the contrast is low. The component structure seen in the optical view ( Fig. 2A) is hardly distinguishable in the corresponding chemical images. To obtain more informative images and better determine the stone structure the reflection spectra should be KramersKronig transformed. 5 shows images formed from the FIR reflection spectra after applying the KKT. The image contrast is better than in Fig. 4 and more structural details can be distinguished. In addition, the images correspond well with the optical image in Fig. 2 : the ring structure seen in the optical image is confirmed to be layers of calcium oxalate and uric acid. As applying the KKT to the MIR reflection spectra yielded asymmetric bands [22] (Fig. 3) , corresponding MIR images were not constructed.
To evaluate the MIR and FIR image quality a correct image of the constituent distribution is needed ). Red represents the highest and blue the smallest concentration.
[32]. Therefore, a FT-Raman image of the same cross-sectioned stone was acquired. This technique was chosen as Raman spectral bands do not contain distortions caused by anomalous dispersion and their integrated intensities can be used to form images without pre-processing; thus, the images do not contain calculation artifacts and represent the real component distribution. However, Raman imaging is not routinely used for several reasons. Fluorescence of biological samples can be an obstacle [41] . Low excitation power must be used to avoid sample overheating and decomposition so over 128 scans must be averaged to obtain a high signal-to-noise ratio.
Both fluorescence and overheating were avoided by using low power near infrared (1064 nm) laser excitation. An ultra-sensitive nitrogen cooled Ge detector ensured a high signal-to-noise ratio. However, the time needed for the FT-Raman imaging is much longer (approx. 40 hours) than the time needed to measure MIR or FIR reflection spectra (approx. 8 -15 hours) making IR imaging preferable.
The mapping steps were the same as in IR microscopy. The spectral bands of 1039 cm -1 ring and C-O vibrations in uric acid (integration 1018-1058 cm [32] after the images were normalized ( 0 < pixel < 1). The residual RMS error for the MIR image constructed from the raw spectra is 44.33; for the FIR image constructed from the raw spectra it is 36.98 and for the FIR image constructed from the KKT corrected spectra it is 13.42. The FIR image constructed from the KKT corrected spectra has the highest quality, and FIR microspectroscopy can be effectively used for chemical imaging of urinary stones.
Similar results were obtained for 50 urinary stones of other compositions (calcium oxalate monohydrate with apatite, calcium oxalate monohydrate with amorphous calcium phosphate, etc.) as well. In all cases, FIR imaging provided compositional information consistent with the results of standard IR. In addition, the constituent distribution over the cross-section was obtained. ), C -uric acid (integrated band -normal vibrational mode at 1039 cm -1 (boxed in A)) [25] ; the white/black circle designates the area where the presented spectrum (A) was recorded; red color designates the highest, blue -the smallest (or lack of) concentration of a component.
Specular reflection FIR imaging is superior to MIR imaging for rough (2 -25 µm for MIR radiation) surfaces. Therefore, before multi-spectral IR analysis of urinary stones one should evaluate the roughness and choose the appropriate method.
Conclusion
FIR microspectroscopy was used for the analysis of urinary stones for the first time. FIR microspectroscopy in specular reflection mode can be used to perform chemical and structural analysis of cross-sectioned urinary stones, which are difficult to study by MIR microspectroscopy both (I) in transmission mode due to their thickness and (II) in reflection mode due to the effects of diffuse reflection. As FIR radiation has a longer wavelength than surface roughness dimensions the recorded spectra are purely specular reflection and KKT can be applied to calculate the absorbance. Different stone types can be distinguished from the FIR spectra with the same accuracy as from conventional MIR spectra. Quantitative accuracy depends on evaluation of the integrated band intensity. For well separated bands it is approximately 5%. Chemical images formed from KKT transformed FIR spectra have high contrast and represent the constituent distribution with a high level of detail. FIR chemical images have higher quality than MIR chemical images.
